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ABSTRACT

Two clinical isolates of Salmonella typhimurium were shown to

produce two skin permeability factors. One factor was heat stable and
rapid in oq#e: whileithe othér was heat labile and elicited maximal
induration by 18-24 hrs. The rapid, erythematous PT¥ response could not
be prevented by antisera to cholera toxin or Salmonella antisomatic
serum, but it could b; simulated Sy high concentrations of LPS from

S. typhimurium. The appearance of the delayed PF reaction was indis-
tinguishable from that of purified cholera toxin. Bistological com-
pariscns of ;abbi: skin injected with Salmonella delayed PF and cholera
ﬁoxin revealLd that both toxins resulted In gross edema and infiltration
of PQN'S aftFr 18 hours. The Salmonella delayed PF was shown to be
resistant to;a variety of enz;ﬁis, gsensitive to'excremes in pii, and had
an isoelectr?c point of pil 4.8, Unlike Salponella LPS skin activicy,
the Salmonelaa delayed PF was destroyed at 100°C and was neutralized by
monospecificicholera antivoxin. The Salmonella delayed PF, which shares
antigenic deLerminancs with cholera toxin, appears to be elaborated by.
living S. tzghimurium cells in the rabbit ligated intestine, since
rabbits immuLized with procholeragenoid were protected against fluid
loss from liLe cell challenge. Finally, production of the rapid Pr

is a stable éenetic trait, while delayed PF production is apﬁarently
1 .

an unstable *haractcristic among the salmonellae.
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The pathogenesis of enteric bac:etiallinfcc:ions has been the
subject of numerous investigations which have revsaled several virulence
factors including specialized modes of attachment, mechanisms QE selective
colonization, and invasive potentials for the epithelial surface.
Research has also concentrated on the role of toxic faccors te}eased
from these enteric bacteria. While it is necessary to isclate and
characterize each of the toxins, it should not be assumed that the
factors necessarily act indepeadz=ntly of the delivery mechanisms. Thus,
the pathogenic mechanism §f most infections involves aa intriguing

balance of colonizing and t&&ic factors.

The pathogenesis of* Salmonella mediated intestinal infections
requifes penetration of the epithelial surface by the bac:erig Q).
Certainly, the salmonellae arve noted for their invasive propérties;
however, no clear cut reason cxists to cxﬁlain why the scverity of

infection ranges from a food polEoﬁing type of gastroenteritis without

L]
apparent blood strcam invasion to a systemic enteric fever exemplified

by typhoid fever. Since many of the same serotypes appear to be involved
in both extremes of Salmonella infections, it is intriguing to speculate
that toxic factors produced by the salmonellae may determine the symntoms

presented aud the virulence potential of the multitude of Salmonalla

serotypes. - ' — : L

Two skin permeability factors (PF¥) have beea found in sterile

culture filtrates of a clinical isolate of Salmonella typhimurinm strain

936 (2). Intradermal injections into rabbLit skin revcaled onc. factor

which was rapid in onset (rapid PF) and characterized by an crythematous

»
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respunse detectable within 1-2 hours post injection. The second factor
was observed after 18 to 24 hours (delayed PF) and elicited a markedly
indurated response accouwpanicd by an erythematous zone coincident

with the induration area. The rapid PF was observed to be heat stable
at 100°C for at least 4 hr, while the delayed PF was heat labile, being
completely destroyed within 30 minutes at 75°C, and vithin 4 hr at 56°C.
The skin reaction produced by the delayed PF was indistinguishable in

appearance from the permeability reactions of Vibrio cholerae and Escherichia

coli enterotoxins. Unlike the easily detectable heat stable rapid PF,
the heat labile delayed PF tended to be inhibited in crude c&lture
filtrates; however, it was detected in preparationslﬁhich had undergone
partial purification by chromatography through Sephadex 6-100. In
addition, the delayed PF was observed to elongate Chinese hamster ovary
~
(CHO) cells in a manner identical to that of cholera toxin (3). Iuterestingly,
the Cl0 cell elongation activity as well as the delayed skin induration

_resprase was neutralized by moacspacifice antisera to cholera toxin but

L
not by the preimmunization sera.

The presentc report attempts to further characterize thesa

permeability factors, particularly the heat labile delayed permeabilicy

factor from Salmonella typhimurium. Ve hope eventually to determine the

precise rola of these toxins in the pathogenesis of salmonellosis and to

coapare their mechanisms of action with those of other related enterotoxins.

Materials and Methods

Orpganlsms. Salimonella typhivurium 936 was isolated during a

1974 outbreak of diarrhea in the peadlatric ward of Joln Scaly llespital,

4
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Calveston, Tex. It was stored in the lyophilized state and reconstituted
at weekly intervals as needed. S. typhimurium 2000 was a recent clinical
isolate from the same hospital and was stored at 4°¢ on Trypticzse Soy

{BBL) agar slants.

Preparation of cultures. The culture cmedium used most successfully

thus far has been Tryptica.;e Soy broth (BBL) plus 1Z Yeast Extract

(Difco), although cultures grown in Brain Heafc Infusion broth (Difco)

have also yielded both toxing. Broth cultures were incubated at 37%

with mild shaking for '2(‘0 h. Fermenter cultures of the same mediun vere
. incubated at 3C or 37°C for 24 hours with 1 liter/minute aeration and

125 R®M agictation.

.~

~
Preparation of filtratcs. Droth cultures were centrifuged at

12,100 xz, and the supernataats vere filtered through 0.2 um sterile
Nalgene filter units either beforc or after concentraticm of the filrrates.
The filtrates werce concentrated by dialysis agaimst 20 i Carbowax (Uaion
Carbide) or in an Amicon ultrafiltration unit fitted with a PM 1C membrane.

Filtrates were stored at either 6°c or -20°C.

Purification Proc'edutes;. Molgcular sieva column chromatography
with Sephadex G-100 (Pharmacia) was utilized for partial purification
and isoiacion of tl;xe Salm&nella exotoxins. Two ml frﬁcdaus were collected
from the'column which was eyuilibrated with Tris-iCl buffer, pll 7.5 (4).

The coluan and fractions were maintained at 4°c.
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Diethylaminoethyl-Sephadex (Pharmacia) was rehydrated in
distilled water, washed with Tris-HCl buffer, pll 8. A sample of pooled
crude culture filtrates was adjusted to pH 8.0 and was added to the
washed DEAE. The mixture'was stirred for 1 hr and then filtered using
Whatman #1 filter ﬁaper. The DEAE was washed with the same Tris buffer
until optical density readings (280 nm) of the washes approached zezo.
For elution of toxia bound to the DEAE, the DEAﬁ was suspended in 0.1 M
potassium phosphate buffer, pH 6.0. After stirring for one hour at foom
temperature, the eluate was filter sterilized and stored at 4°C. The
eluate was chromatographed on Sephadex G-100 and the column fractioas

were assayed for skin permeability activiry.

Cholera Tuxin. Cholera toxin was purified from fermenter

-

. ~
cultures of Vibrio cholerae 5698 according to methods published previously

(5,8). Procholeragenoid wvas prepared as described by Finkelstein (7).

Skin testing. Adult New Zealand albino rabbits were shaved,
and the remaining hair was removed with a depilatory cream prior to shia
testing. Oné-tenth milliliter injections were given intradermally using
26-gauge intraderaal bevel needles. After a designated time interval, a
5% solution of pontamine sky blue dye in saline was injected inZravenously
to accentuate the zone of the erythematous response. Dye was given at a
dosz of 0.8 ml/kz. The diameter of the blue zomes, whicﬁ eorresponds Lo
the areas of crythema, were measured in millimeaters after 2 and 24

hourQ. Inteasity of induration was graded un a scale of 1 + to 4+, and

the zones of delayed bluing were approximotely the same as the area of

induration.

O




Histology of Skin Tests. Ona:-tenth ml intradermal injections

of the following samples were injected into adult rabbits: 1) a Sephadex
G-100 chromatographed fraction of culture filtrare which had both rapid
and ;lelayed skin permeability activity, 2) a 1 ug/ml solutiomn of purified
cholera toxin as a positive control, and 3) steéile Brain Heart Infusion
broth (Difco) as f negative control. Eighteen hours after the last skin
injection, the rabbit was anesthesized (Ketamine HCL, Parke-Davis) and 5
4 mm punch biopsy was taken from each injecrion site as well as from
normai skin. All biopsies included the hypodermis, dermis, and epidermis.
Specimens were fixed in 0.05 M phosphate buffered forﬁalln (#H.7.0).
Fixed specimens were seat to the University of Tezas Medical Braach
pathology lab for secticning and histological stainiag with heﬁacoxylin
and cosir. Stained sections were analyzed micrnscopi.cally for pathological

signs éuch as edema and cellular infiltration.

Electrophoresis. Stamdard 7.57 polyacrylamide gels were
loaded with 100 microliter .samples and cl{cc:rephoresed at pit. 8.3. Cue
set of gel:é was stained with Coomassie Dlue P. 250, and the stained gels
were scanned at 59Q nm. A duplicate set of unstained gels was sli:ccd
in;o 5 nn segrents, which were placad in separata tubes with C.5 nml of
0.01 M Tris-HCl buffer, pK. 7.5. The elutions from each gel slice ware

cea.t:ed in rabbit skin for the presenca of the dalayed PF.

Enzyme Treatment. Eazyme solutions coctaining 1 mg/ml were

made of the following: pronase (Calbiockem), proteasc (Sigma), trypsin
(Sigma), pepsin (Sigr.m), carboxy=~peptidase ($igma), and lysozyme' (Fulka

HC, SC). The toxin source was a pool of active Sephadex C-100 clivomatozeaphed
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fractions from S. tzghiﬁutiud 986 culturc filtrate. Mixtures of 0.15 ml
of toxin plus 92.15 ml of cach enzyme solution (150 mg) were incubated at
37° C for 3 hours follc by overnight refrigeration at 4°c. A control
congisting of toxin plus saline was included. -Before skin testing 3.75

wg of soybean-:rypsin inhibitor was added per milliiite; of the trypsin-
toxin sample (8). Rabbits were obsarved for both rapid and delayed skin

permeability reactions.

pH Stability. The Salmonella toxin sample chosen was a pool
of biologically Qc:ive G-100 chromatography fractions (in Tris-HC!
buffer) containing both rapid and delayed permeability activity. A
predetermined volume of acid or basa solution was added to cach tube.
The desired pH values were 2, 4,.§, 7, 8, and 10. Tris-lCl buffer (pH
7.5) controls (0.5 ml) were also adjusted to the varicus pH values. The

pH~adjusted toxin samples and coatrols were incubated at 37° C for 4

. - 70 X ..
hours and then stored overnight at 4~ C. The pY was not readjustced to 7.

befowe skin testing. Biolog{cal activity was datermined by skin testing
of all samples, and both rapid and delayed permeability activities were

recorded.

Heat Stability. A 10 mg/ml solution of Salmonella LPS (Difco)

and a chromatographed sample containing Salmonella delayed PF wero
boiled in a water bath for ona hour. The samples and unheatedAcontrols
were then skin tested in fabbits to compare the stability of any rapid
and/or délayed biuing and induration activity in both the exov- and

endotoxzin samples.
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Electrofocusinz. Sephadex G-75 was prepared according to the

instructions given in the LKB application note Mo. 198. A 5Z (w/v) gel
slurry was made with the specially dried C-75 gel and a pH 3.5 to 8.5
ampholine solution and a 3 ml sample of crude culture filtratec was added
to tha slurry. After focusing for 18 hrs at 1o°c, the gel bed was
sliced into 30 equal fractions, and the gel from each section transfurred
to individual syringe (S5cc) columns. Oae gel volure of Tris~HCl buffer,
pR 7.5, was added to each.column and the eluate; were assayed for the
presence of togin by the.rabbit skin test model.

-

Antibody Neutralizatioan of Skin Permeability Factors. MHonospecific

antiserum to cholera toxin was prepared by intradermal injections of 10

pg of purified cholera toxin (5,6) mixed with Freund's complete adjuvant.
Antiserun to somatic antigens o;.gnlnonella groups A-1 was a commercial
preparation (Difco). Studics were conducted to cowpare the ability of

these antisera to neutralize the_ Salmonella delayed PF and a commercial
Salmonalla IPS'prcparucion (Difco 5 nmg/ml). Each serum was mixed 1:2

with an aliquot of either the Salmonella delayed PF or Salmonella LPS.

The mixtures were incubated for 1 hour at 37% prior to assay for biologzical
activity using the rabbit skin pérmeability model.

-

Ganglioside Inactivation of Skin Permeability. Six differcnt

ganglioside preparations were used, five of which were kindly pfovidcd
by Dr. W.E. van leyningen (Sir Williar Dunn Scheol of Yathology, 0O=foczd,

England) and one of which was a con:erc{al preparaticn (Supclceo) of

purified

GH1 panglioside. The gangliosides sent Ey Dr. van Heyningen




werc: SGGaSSLC (GTl)*, GGnSLC (Cul),.SGGnSLC (Cnla)’ mixed gangliosides,
mixed "slow" gangliosides CT1+GD1b+GDla' Each preparatioa w&s rchydrated
with water and dilutions werec made yielding final concentrations of 100
ug/ml and were mixed 1:2 with a biologically active Sephadex G~100

column fraction of Salmonella delayed PF. Thesa mixtures were incubated at

37°c for 3 hours prior to assay by skin testing in rabbits.

Live Cell Challénge of Procholeragenoid Immunized Rabbits.

Five adult rabbits were each irmunized with three 200 microgram subcutaneous
doses of procholerazgenoid, prepared by heating highly purified chnleragen
{5,6)at 60°C for S minutes (7). The fluid accumulacion‘responses of

these rabbits were compared with these of 5 normal rabbits when subjected

to intestinal loop challenge with live Salmonella typhimurium strain 986
o~

ranging’from 103—108 organisms/ml two weeks after the last injection.
Challenge procedures were the same as those described for V. choluraa

studies (9). -
Results

The skin.reac:ion producaed by the Salwonella delayed PP is
illustrated in Figuve 1. &he site of injectiom is ﬁarkedly induzated
with a corresponding zone of erythera. Adjaceat sites which werc injccred
‘with purified cnolera toxian are indistinguishable from the Salmonalla

toxin reaction sites. The sites of firm ifnduvatioa with crythewrn appear

* = gialic acid, G = galactosc, Cu = N-acetylgalactosamine, L = lactose,
C = ceramide

10
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to become maximal in 26 hr and often begin to subside by 36-48 hr. This
characteristic is useful in distirguishing the heat labile delayed PF
rom a heat stable endotoxin reaction, which reaches a maximal response
by 48 hr. The latter induration response has been observed with void
volume column’fractions of,Salmonella culture filrrates in which large
amounts of endotoxin have been released. In addition, the erythematous
response to endo:oxin is nuch more intense with some sites becoming
necrotic; whereas, the del#yed PF reaction sites appear normal after

induration has receded.

Comparisons of. histological sections were made of skin biopaies
frocm sites injected with purified cholera toxian (1 pg/nl), Salmonalla G- j
100 chromatographed filtrate wi;?\?elayed PF, or sterile BHI culture
medium. Sections of normal skin and skin sites injected with uninoculazed
sterile culture media were unremarkable at both 2 hours and 18 hours
(Figure 2). The fraction of chromatographed Salmonella filtrate and
cholera toxin thch had been injected 18 hours prior to fixation produced
diffuse edema fluid and PMN infiltration of the epidermis and derris
(Figures 3 and~4)- Higtologically, the delayed (18 hour) responses of
Salmonalla PF and cholera toxin were remarkably similar.

Figure 5 shows the typical elution profile of Salmonella
typhinurium delayed P¥ on a column of Sephadex G-100 (5 X 150 cm). The
preparation containing the toxin consisted of a pool of conrcentrated
crude culture filﬁratcs which had been previously adsorbed onto DEAZ-

é

Sephadex at pHl 8 and cluted at pll 6 prior to chromatography. Alternate |

11
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 fractions were assaycd by the rabbit skin test method. The vertical

bars in Figure 5 indicate a bimodal curve of delayed PF activity, with
the first peak also containing rapid PF activity. Figure 6 shous
the calibration curve for this G-100 coluzn with the region exﬁibiting
delayed PF activity indicated between the dotted lines.” The center of
this wide range of molecular sizes is approximately 90,000 daltons.

Similar molecular size estimaﬁcs have been made using Sephadax G-150.

Since the heat labile skin perneabiiity activity routinely
appears to be spread over a broad rangs of elution volumes, three pools
containing the active region were made as indicated in Figure 5. When

sanples of the three pools were electrophoresed on 7.5% polyacrylamide

-

~
gels at pH 8.3 and stained for protein with Coomassie blue, the three

pools yielded bands of protein migrating in three sequential areas of

the gels as expected (Figure 7). Although the charge of the molecules

affects the migration pntfern in these gels, tha data confirms that the
Sephadex G-100 column allowed separation of a varieﬁy of molecular spacies on
the basig of size. When identical, unstained gels were gliced and the gel
slice eluates were skin tested, it was observed that the delayed PF

activity entered into tha sama arca of the gel, irregardless of vhich

pool was examined (Figure 8). This suggested that the Salmonella delayed PF wvas
more homogencous in molecular size than the broad elution pattern on

Sephadex G-100 would indicate.

Figure 9 illustrates an carly actempt to determine the iscelectiric
point of the Salmonella delaycd PF. A sarmple of crude culture filtrate

concentrate was clectrofocuscd with a broad range ampholyte solution (pil

v

12




3.5 - 8.5). The skir test assay of eclectrofocused gel elutions showed
that induration activity had distributed along the pil gradient and
focused around an isoelectric point of pH 4.8. Although not shown here,
an isoelectric point of pH 4.8 was also obtained with a-crude polymyxin
extract (10) 6f Salmonells typhimurium 986 cells. More recently, we have
determined that the isoelectric point of the delayed PF isolated from
the Salmonella typhimurium 2000 strain was pH 4.3. These determinations

should prove useful in future purification efforts for the delayed PF.

to extremes in pH, aliquots of a sacple containing both the rapid and
delayed PF’'s, and aliqﬁo:s of a éurified cholera toxin solution (1
ug/ml) were adjusted to pH's rn_qg\ing from 2 to 10. As shoun in Figure
10, the skin test assay revealed that the Salmonella rapid PF was s:ablcr
to all pE's tested, while the Salmonella delayed. PF was significaatly
inactivated at pH 10 and below Pl 4. Cholera toxin was also confiimed

to be labile at acid and alkaline extremes in pH.

Table 1 suamarizes the effact of several enzymes on a chromatecgraphed
sanple of culture filtrate containing both the rapid amd delayed PT .-om S.
typhimuriun 986. The dal:a. indicate :haﬁ neither the delayed nor the
rapid permeability factor was altered in. intensity or in size of rcaction
by any of the cnzymes :es:éd. Similarly, cach of the cnzyme. treated
preparations was subjected to 7.57 polyacrylamide clectrophoresis. The

toxin eluted from the gel slices did not appear to be significantly

altered in irs electrophoretic migration pattarn by any of the enzymos

examined.



We have observed that LPS p;epara:ions :ﬁmg/ml elicit an
induration response within 18 hours which reaches a maximum within 48
hours. Since the latter skin activity could be confused with the heat
labile delayed PF response, comparisons of heat sensitivities ﬁere
studied. Table 2.compares the heat stability characteristies of lipopoly-
saccharide fronzg. typhimuriun and E. coli with the Salmonella delayed
PF. Heating the Lég preparaﬁions at 100°C for 1 hour had no. effect én

their chility to cause induration and bluing; whereas the Salmonella

delayed PF was completely destroyed.

Since the éalménell# delayed PP appearad to be similar to
cholera toxin, an experiment was designed to detcrmine if‘the tissue
receptor might -be tha same for_fhe two toxins. Figurell shows that both
cholera toxin and Salmonella delg;ed ™ will compete with.lzs I - labelnd
cholera toxin for binding sites on guinea pig intestinal homogunates.
Based on this evidence, purified gangzlioside preparations were exanined
for their ability to bind the toxins. Table 3 summarizes the ability of
selected gangliosides to inactivate Salwonella delayed PF and purified
cholera toxin. Preincubation of the toxins w{th the gnngliosida preparations
resulted in inactivation of both the Salmonella delayed PF and purificd
cholera roxwin only by thoée preparations containing GML gangliosida.

Thus, the two toxing appear to be recarkably similar in their affinity

for ganglioside reccptors.

We have previously reported that the Saloouella delayed PF is
ﬁautrnlizcd by monospecific antiscrua to purified cholera tomin (3).- A

comparative study wuas subsequently coxducted botween Salmonella LPS and

14




Salmonella delayed PF. Table 4 shows that S. 'mhimurium LFS is not
neutralized by cholera antitoxin or by polyvalent Salmonella antiserum.
The Salmonella delayed PF-'was confirmed to be mneutralized by cholera
antitoxin but not by the Salmonella agglutinating serum. Iﬁe data

provides still another difference between Salwonella LPS and Salmoaella

delayed PF.

No data presented has indicated that the Salmonella delayed PF
is an enterotoxin, and all preparations injected into ligated intestinal
loops of rabbits have failed to elicit fluid accumulation. 'However,
live cell cﬁallenga of i§Cestinal loops of_ :abhiu immunized with
procholeragennid (Figurf 12.) revealed signiﬁcaa& protection against
£luid ngcumnla:ioti. ‘I‘heiprocecsion observed vas almost complete even at

-

the highest challenge doée tested. Confirmation of this heterologous
{

protection was achicved Tecencly cven vhen the rabbits were challenged -

i
with S. typhimurium stra:li.n. 2000, another clinical isolate shown to

produce the delayed Pr.
i Discussion

In the course of this study, a clinical isolate of Salwmonella

1
typhimurium scrain 986 w‘cs shown to release two exotoxic factors into

the growth medium. Both factors induced vascular permeability changes

N

upon intradermal injecticin into rabhit skin. Oze factor produced a

reaction rapid in onset and of short duration {rapid PF), while the
| .

other (delayed PF) resulted in a gradual reaction peaking in intensity
|

by 18~24 hra. The Salmonella delayed P¥ was studied and compared vith
|



the enterotoxin produced by Vibrio cholerae. A significant degree of

relaredness was shown between the two toxins which was manifest in
physical and antigenic p;qperties. Althougzh not presented in detail, a
second clinical isolate of S. typhimurium designated strain 2000, has
been found to-produce both rapid and delayed PF's. fhe latter delayed

PF exhibits all of the properties described for the delayed PF produced

by S. typbimurium strain 986.

The rabbit skin test model has been used as a screening procedure

t

for samples containing enterotoxic activity (2). The rationale was that

the skin permeability factor assay for cholera toxin and E. coli LT is

100-fold more sensitive than the gastrointestinal models (). Although

cell-free preparations of Salmonella delayed PF have failed to elicit

ik S

fluid zccumulation in rabbit ligated loops, the skin permeability assay
has enabled us to compare the Salwonella PF's with purified cholerz
toxin and to determiune some of their hiological and physical characteristics.
[
Histological comparisons mada between cholera toxin skin
reactions and those produced by the Salmonella delaye& PF revealed

considarable disruption of the collagen fiber network by fluid accumulation.

~ This observation was expecféd because of the edematous natura of the

skin sites. Analysis of the cellular infiltrate revealed that the

predominant cell type was polymorphoauclear leukocytes (PMY). This type

of rcactioun is typical of an iInflammatory response, but is incoansistant

with a hypersensitivity type reactioca.

We have not yet been able to satisfactorily define the factor

responsible for rapid PF activity. It appears to ba a non-ucutralizable,

16
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heat-stable moiety resistant to extremes in pil 2nd to enzymatic degrada-
tion. Although the data is not shown, the rapid PF ma; be endotoxin, or
at least associated with endotoxin, since it was observed that rapid
permeability alterations could also be observed with high doses (10
mg/ml) of LPS-(Difco) which invariably developed into an indurated
delayed response which became markedly erythematous and often necrotic.
Rapid PF development is independent. of the evolution of the heat labile
delayed PF induration response, and necrosis is not associated with

either of the recently described Salmonella PF activities.

The delayed PF pf Salﬁonella has been characterized in wore
detail than the rapid PF because of its remarkable 'similacity to the
heat-labile enterotoxing of V. choler;e and gb'gglg, All tﬂrce heat
labile toxins are inactivated at ;6°C, and they are also susceptible to
inactivation at an acid pH. As one might expect for toxins which exert
their pathological effect in the” intestinal tract, all three toxins ate

reportad to be relatively resistant to enzymatic degradation cowpared to

other protein molecules of similar molecular size.

The Salmonzlla delayed PF uas shown to be a negatively charged
molecule at physiological ﬁH (7.0) and possesses an isoelectric point of
approximately 4.8. The isoelectric poimt fcr cholera :nxin'was reported
to be pil 6.6 by Finkelsteir (4) and pH (6.7) by Delaney (12) , while that

for E. coli LT was reported to be 6.9 (13). The low isoelcctric point of

Salmonella delayed PF is one of the few physical characteristics that

distinguish it from cﬁolera toxin.

17
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One of the most interesting and least understood aspects of

these studies on the Salmonella PF's is the necessity of partial purification

to obtain Fhe factor which elicits the delayed induration response. Any
explanation of the phenomenon at this point is purely hypothetical;
however, we have proposed that an inhibitery factor is produced in culture
concomituntly with the two permeability fac:ors,'and-;hat removal of

this inhibitor through chfomatograpﬁy allows expression of th; delayed

PF. Whether o; not this inhibitory substance is an nrt;fact produced in
vitro or actually plays some role im the pathogenic mecbanigm is not

v

knowvn.

Many authors recognize the similarity in fluid and electrolyte

content of the diarrheic fluid of salmonellosis and enterotoxin-induced

-

< .
“intestinal fluid secretions (1,14), but the production of an enterotoxic

factor has not been clearly assoclated. Sakazaki et 2l. (15) reported
enterotoxic activity in cell-free filtrates of Salmonella species, but
there was poor correla:ion';f these results with that of live Salmonella
pathogenicity. Also, Koupal énd Deibel (16) reported a hcaﬁfstable
membrane—as3ociated enterotoxin produced by S. enteritidis and by S.
typhimurium - ; however they could find no similarities betweea thair
Salmonalla toxin and cholera toxian. Gianmella et al. (17) observed that
adenylate cyclase was stimulated in intestinal rissues of rabbits during
fluid production elicited by Salmonella. This observation topether with
the fluid auq electrolyte content and the ncﬁr-nor:al protein composition

of Salwmonella diarrheic stools Implicate a toxin as the mediator of the

diarrhea associated with salmonellosis.

18 .
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Tha observation reported hers that rabbits could be protected
against Salmonella induced intestinal fluid loss by immunization with
procholeragenoid, not only. suggests a novel approach to prophylaxis
against Salmonella mediated diarrhea, but more importantly it shows an
in:sgral role of the Salmomella delayed PF in the pathogenesis of experiuental
salmonellosis. Since fluid loss-from the intestines ;E procholeragenoid
immunized rabbits was esseh:ially prevented when challenged by live
Salmonella cells, it must be concluded that the Salmonella delayed PF.
which shares antigenic determinants with cholera toxin, is responsible
for the fluid loss-in expgriﬁan:al salmonelloéis. This conciusion does
not conflict with previous observations that epithelial cell invasion is
necessarj~for fluid lossy, but rather provides an explantatioa for the
mechanism by thch the pathogen_qyokes thg rcSponsg. The lack of fluid
loss from the small intestine following luminal injection of the
Salmonella delayed PF may be the resuit of low concentrations of tosxin
injectcd or may indicate a need for the Salmonella to penctrate the
epithelium and deliver the &elayed PF to the proper reccptor. The
latter possibility seems less likely since the dalayed PF was observad

-

to bind to the same cell receptor as cholera toxin (GML ganglioside).

’
-

In the last three years, wa have obgserved that the Salmonelln
heat stable, rapid PF is routinely produced under a Qatiety cultural
conditions by all Salmonella serotypes :es:qd. Thus, its production ﬁy
Salmonella species appears to be a stable genetic characteristic. In
rcécnc months, we have been unable to dctect delayed PP production from
S. typhimuriuam strain 986. We have investigated innumerabie cultural

conditions over a period of several conths and have now come to the

19
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The observation reported here that rabbits could belprotected
against Salmonella induced intestinal fluid loss by immunization with
procholeragenoid, not only. suggests a novel approach to prophylaxis
against Salmonella mediated diarrhea, but more importantly it shows an
intﬁgral role of the Salmonella delaved PF in the pathogenesis of experimantal
salmonellosis. Since fluid loss from the intestines of procholeragenoid

immunized rabbits was essehcially prevented when challenged by live

Salmonella cells, it must be concluded that the Salmonella delayed'PF,

which shares antigenic determinants with cholera toxin, is responéible
for the fluid loss-.in experihental salmonelloﬁis. This conciusion does
not conflict with previous observations that ep?:zhelial call invasion is
necessary for fluid loss, buc'ra:her provides an explantation for the
mechanism by thch the pathogen“qyokes the response. The lack of fluid

loss from the small intestine following luminal injection of the

Salmonella delayed PF may be the result of low concentrations of toxin

injected or may indicate a need for the Salmonella to penetrate the
epithelium and deliver the delayed PF¥ to the proper receptor. The
latter possibility seems less likely since the delayed PF was observed

to bind to the sam=z cell receptor as cholera toxin (CHl ganglioside).

4

Ia the last three years, wa have observed that the Salmonella
heat stable, rapid PF is routinely produced under a variety cultural

conditions by a2ll Salmonella serotypes tested. Thus, its production by

Salmonella species appears to be a stable geretic charactevistic. In

recent menths, we have been unable to detect delayed PP production from

S. typhinurium strain 986. WUe have invastigated inaumerable cultural

conditions over a period of several months aad have now come to the

)




conclusion that S. typhimurium strain 986 no longer possesses the genetic

capacity to produce delayed PF. We report here the isolation ef a new

clinical isolate of Salmonella typhinurium designated strain 2000 which

produces a delayed PF which is neutralized by GMl ganglioside and monospecific
cholera antitoxin. The delayed PF from this latest S. typhimurium
isolate is d;stroyed in 5 minutes at 100°C and nig:af:gs an the G-100
column in the same location as that reported for the delayéd PF from
stTain 986 with a tendency to trail out over a broad range of elution
volumes. In addition, it has been showm to have approximately the same
isoelectric point. Thercfore, there is no question that the new isolate
elaborates delayed PF with the same physical and antigenic properties of
our initial isolate. This finding also confirms that'S typhimurium
strain 986 was not a genetically unique isolate and has provided nuch
needed encouragement to our research cadeavors. Ve ﬁow believe that
delayed PF proﬁuction by Salronella species is an unstable phenomenon
whése genetic basis is uﬁknawnf- We are continuing to study and purify .
the delayed P? from S. typRimurium strain 2000 aad hope that the role of

this torrin and that of the heat stable, rapid PF in the pathogenesis of

salmonellosis may soon be elucidated.
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Figuze

Figure
"Figure

Figuré

.Figure

Figure

Figure

Fipure

Figure

Figure

Figure |

Figure

1.

9.

Figure and Table Légends

Skin response showing the indurated reaction to intradermal injections
of Salmonella delayed PF and purified cholera toxin after 24 .hours
without dye injection. Arrows pointing down indicate cholera toxin
reactions while the arrows pointing up indicate the Salmonella de-
layed_PF reactions.

Hematoxylin and eosin stained histological section of rabbit skin
injected 24 hours previously with sterile uninoculated BHI.

Hematoxylin and eosin stained histological section of rabbit skin
injected 24 hours previously with purified cholera toxin.

Hematoxylin and cosin stained histological section of rabbit skin
injected 24 hours previously with partially purified Salmonella
delayed PF. :

Elutionprofile of Salmonella delayed PF culture filtrate conceantrate
eluted from DEAE Sephadex. - The dotted line indicates optical density
at 280 nm, while the vertical bars show the location of Salmonella
delayed PF activity. Three pools were made as marked by the - arrows.

Calibration curve for the Sephadex G-100 colurm referred to in
Figure 5. The dotted lin®s indicate the range of elution volumes
exhibiting delayed PF induration a2ctivity. An arvow marks the
peak of induration inteusity.

Optical density scans at 590 nm for polyacrylamide gels of the three
pools from the Sephadex G-100 column illustrated in Figure 5.

14
Diameters of bluing zone reactions of delayed PF eluted from 0.5 mm
slices of unstained polyacrylamide gels identical to those illus-
trated in Figure 7.

Isoelectric point analysis of a preparation of crude filrrate con-
taining the Salmonella delayed PF. Tha sclid lime indicates the
pH gradient while the dashed line shows the optical density at

280 nm. The fractions with delayed PT activity are marked by a
vertical bar.

Sensitivity of the Salmonella rapid PF, delayed PP, and cholcra
toxin to pll.

Ability of a partially purified preparation of Salmornella delayed
PY and cholera toxin to compete with 1231 - cholera toxin for
binding sites on guinea pig intestinal nucosal homogenates.

IProtecction of rabbits against Salmopella typhimurium mediated fluid
loss by immunization with procholceragenoid.
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Table 1.

Table 2.

Table 3.

Table 4.

Regsistunce of Salmonella rapid and delayed PF to enzymatic degradation.
Rapid and delayed PF activities are indiecated by the 2 hour and 24 hour
reactions, respectively.

Heat stability charéc:eristics of the skin permeability activity
elicited by LPS and Salmonella delayed PF.

Inactivation of ‘skin’ permeability activity using ganglioside pre-
parations.

Antibody neutralization properties of skin permeability activity of
Salmonella LPS and delayed PF.

/\f




26




\ ' .

SRR R LAACHIME NN ANRA ] COMAMML S | S | AR AL | SR  SENCACNEIEC N

27




LTy — e -
.&-;.o‘ b
Pools
0.3 - - B2
1 2 3 E
$ 3 4 $ M E
T L2 S
- E
*ICURE 5 - 10 2
s ., =
o~ - § o
= -] 2 [ 7 )
[ — 3 / i s E
0.1 = H L. Lo
| o
] - 2
J -
L N S 1 4 b F b | 4 L [ ] T i LB T LB L) ¥ L3 1 3 LB ¥ 7 [ ]
v 850 1350 1850 - 2350 2350 1350
Elution Vsluma {ml)
) i
-
: =
*'ICLRE 6 bt
=
by~
Eralhamia (35,090)
flmquﬁnzn (25,000)
2+ ; .
: Ridsvecleyss (11383)
» Py ° 4 [ 4 3 » a
$00 1003 1200 1400 1600 . 1300 2008 2200

Elution \'alu% (ml)

)




tew) vt |29

00 05 03 0L 09 05 ob 0E 0 OF | gnh

&

L

065g,

06559

‘ICURE 7

o~———-0 Pngf 1

ool 2

e €
—t

12 ~

() m 107 sug

Q
H

Gel Slica

29



TICURE 9

MEVER (mn)

*IGURE

BLUIRG 20

- . . e—— e ————— — -t o f . e e . ar o . - . . -

L (4 wny ] wy L w
3 -y [ o~ o~ (] - L]
1 L 1 1 2 L ] 2

5
Fraction Ko.

G
T ™ '] T Ly 7 T LI v
ook proct ~ ~ v - -

.
SENSITIVITY of SALUOMELLA TOXIHS and CHOLERA TOXIH ts pi
n
A
. ¢ nef
1 ! Rapid PF
3
i
3 =
!
L
!
10 2 apstl
r oﬂ:l;nd 43
4l
!
H .
2.2 Ciolera
; Toxia

- ,.'\am

13




i e a mam o m m m e @Ns e evTeateleT.RLW .. ®E e &

et e N

St RN et RTMTeTm"g "

s “w N
-~ oy . - — s - ——— - ————— o, ~ . - -
.,“:—1 » .J' .
40 | "n.._.
s
35 "
— Control !
() 1 y
[ — 1
- 10 ‘L
>
?-:' i —’)“‘
- 25 ™ O’—"“
- i Saimonella PF
= -
3 X
a 20 (-
>= !
= 5 -
g ) / - -
R—d :
S 10 ° - > Cholerasen
= i .
i
5 1=
4 .
& [) ] L] " X . - R
FIGURE 11 SO0 250 125 65 - 3 i85 I8 38 13 097 0438 023
Protzin Concentration(m.3/ml)
“~
. ’ .
‘TNACTIVATION OF SKIN PERMEABILITY ACTIVITY USING GANGLIOSIDE PREPARATION
GTy GDla Mixed Mixed at GMy
"slow" including {Van Heyningen ; Supelico
without GMy
GM]
" Salmonsila
delay + + + - - -
Cholera
toxin + + + - - +
i .
+- indicates an fndurated skin response at 18-24 hours;
- indicztes ne visible response;
+ indicates a skin response reduced markedly frecm that of the control.
gaplt 3 “




T T S S S LA NATR WATE R N W B LRI Y waw WL wL e R e e B L v e,

.-_ e,
«® s

LI

. - e o i e . ———— ..
I S *
.-. . .
ABLE 4§ .
NEUTRALIZATION PROPERTIES OF SKINt PERMEABILITY ACTIVITY OF
ENDOTOXIN AND SAUMOMELLA DELAYED PF
Polyvalent Cholera
Salmonella antitoxin Tris Buffer Control
antiserua (Dffco)
S. typhi:rurium *9 gm/+ 8 o=/¢ 6 ry/+
Tps (bifco :
S mg/m}
5. typhimurium :
a'gl"zL‘P"—ayed H 8 m/+ 0/0 7 m/+

* D, reter of bluing

zone/intensity of fnduration at 24 hours

* “\ .
rd
L]
1.25 ] oo NOHIMMUNIZED COMTROL
| _

E o ——o [NNUNIZED with PROCHOLERAGENOID

= 1.00 200mep, 3injections

= 100

S

el 0.7\' p
L :S S
. —_— -

= -

S 05y
- < i

a2

: <,

= 025,

.o‘§~~~
0—“?4:_- ‘\-""—"“ -—~‘~\ 1-.--——"“'_‘-—‘0
. l' g i e
1o} 10t 10° 106 ! S
SIGUaR 12, LOOP CHALLENGE 0OSE

32

aeeden

Tartet . e "X

-

Cm e

o




e W B m P B TERT AR T AT TE IR T LT T T 9T e

P TR DL I IR SRR C P I PR L

RPN AR LS RN AN |

. - <
. ‘,-‘-\7’_'_.'.)—_’:“' e e e e e e e
.

L)

Progress Report
DAM D17 77 C 7054
III. Additional Results (not reported in manuscript)

One limitation in the study of the delayed PF has been the requirement
that culture filtrates be chromatographed on Sephadex columns in order to
remove inhibitory factor{(s). This procedure was quite time consuming and has
made survey type studies (i.e. cultural conditions and bacterial strains) ex-
ceedingly difficult. In ordar to assay !0 crude culture filtrate samples, at least
5 days ars required using our two fractiom collectors. Considering our present
stats of knowledge concerning the stability of the delayed PF, we feel uncomfort-
able in comparing preparations traated over extended periods of time. In order to
circumvent this problem, we have been studying various procedures of more rapidly
removing the delayed PF from crude culture filtrates of Salmonella. A variety
of procedures have been tried, but precipitation with sodium metaphosphate has
been yilelding excellent results , We have been able to remove all detect-~
able delayed PF activity from fermenter or Fernbach shaken cultures (TSB+1ZYE) by
adding sodium metaphosphate (2.55g/1) and lowering the pH to 4.6. The protein
precipitate is collected by filtration and washed with a cold solution of 0.2M
saline (pH 4.6). The ppt is dissolved in phosphate buffered saline (pH 7.2) and
subsequently dialyzed against this buffer. This procedure has allowed us to re-
move the brown culture medium components and inhibiting factor in a single
step, but wa have not yet determined the percent racovery of delayed PF using .
this procedure. We are presently using this technique to generate a supply of
partially purified delayed PF., In addition, we are presently attempting to use
the procedura on small volumes of culture filtrates from a variety of culture
media incubated at various temperatures. Despite the fact that the procedure is
a marked improvement over chromatography, the process is still cumbersome.

We have also been using the mouse lymphosarcoma cell culture assay of Murphy
( ). for detection and quantitatioa of the Salmonella delayed PF. Our exper-
ience has led us to believe that the assay is not as sensgitive as the rabbit skin
test and is particularly susceptible to bacterial contamination. Since the cells
must be incubated for several days with the toxin solution, all samples must be
filter sterilized and kept steyile. Skin test procedures require that samples
initially be filter sterilized, but it is not necessary to keep them sterile.
Frequently, samples that are positive by skin test (firm induration in 18-24 hrs
that is prevented by GMl gangliosidae, cholera antitoxin, and heating at 100°C for
5 minutes) ars negative by this cell assay. Due to these disadvantages, we will
be examining other cell assays such as the adrenal cell assay to improve assay
techniques for the delayed PF.

We have been attempting to use standard Iimmunological techniques to detect
and/or quantitate the delayed P¥. A large number of concentrated culture filtrates
(10 X-via PM10 ultrafiltrarion) have been examined by ring tests and Ouchterlony
analysis, using several cholera antitoxic sera (rabbit). The cholera antitoxic
sara yield precipitin bands in both tests, but we have been unable to associate
ring formation in the ring precipitin test with the presence of skin reactive
toxin (delayed PF). Ouchterlony analyeis indicated that cholera antitoxic sera
formed 2-3 bands against 5. typhimurium strain 986 filtrata concentrates. None
of these formed a reaction of identity with cholera toxin or its A and B subunits.
However, after this work was done, wa realized:that strain 986 was no longer
producing detectable amounts of delayed PF, When the same studies are repeated
with concentrated filtrates from S. typhimurium strain 2000 (2 strain currently
yielding delayed PF), we may be able to determine the antigenic relationship
between Salmonella delayed PF and cholera toxin.
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We are no: yet sure about the nature of the bands formed between the
cholera antitoxic sera and crude Salmonella filtrates. They may be due to
experience of the rabbits with Salmonella antigens as a result of infection;
however, preimmunization sera did not form the bands.

We have attempted to prepare Saimonella delayed PP antiserum in rabbits,
but again the Salmonella preparations which we used for immunization were noz
active gince chey came from strain 986. We will repeat these procedures with fil-
trates from strain 2000, now thit we better understand the lability of toxin pro-
duction, at least by strain 986. Attempts to use radioimmncassay techniques,
which we have used for cholera toxin, have not yet proved successful. We feel
that perhaps the proper cruss reactive antiserum has not yet been used. Actually
the technique may be much more productive when we obtain a monespecific, homologous
antiserum.

Finally, we have confirmed our ini:ial observation that immunization of
rabbits with procholeragenoid (heated cholera toxin) will protect them against
fluid loss from intestinal loop challenge with live Salmonella typhimurium. It
should be added that a different S. typhimurium strain was used for challenge of
the more recent set of procholeragenoid immunized rabbits. In contrast, we have
also immunized rabbits with glutaraldehyde toxoid (Wyeth-20201) and challenged them
with S. typhimurium. Interestingly, no protection was achiaved using equivalent
doses of glutaraldehyde toxoid (200ug, 3 doses). Therefore, ir appears that glut-
araldehyde treatment may have destroyed cross reactive antigenic determinants, or
otherwise interfered with the cross protection. This protection data confirms prior
data in which antigenic similarities were observed between Salmonella delayed PF and
cholera toxin. In addition, it has reassured us that the Salmonella delayed ?
involved in the pathogenesis of experimental salmonellois.
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